We present a novel method to detect the effects of dynamical friction in observed galaxy clusters. Following accretion into clusters, massive satellite galaxies will backsplash to systematically smaller radii than less massive satellites, an effect that may be detected by stacking the number density profiles of galaxies around clusters. We show that this effect may be understood using a simple toy model which reproduces the trends with halo properties observed in simulations. We search for this effect using SDSS redMaPPer clusters with richness 10 < λ < 20, and find that bright (Mi < −21.5) satellites have smaller splashback radii than fainter (Mi > −20) satellites at 99% confidence.
In the standard cosmological model, cosmic structures form hierarchically. Short wavelength perturbations collapse to generate low-mass halos, which subsequently merge to create larger halos, which themselves merge to form even larger structures, and so on. Every macroscopic structure in the dark matter field is believed to have assembled out of constituent structure on smaller scales. Much of that substructure survives within halos, however a considerable amount of substructure is dynamically erased, through processes like tidal stripping and dynamical friction. In this paper, we focus on the latter process.
Dynamical friction is an effective gravitational drag experienced by massive bodies moving through a population of lower mass bodies [1, 2] . A dark matter subhalo orbiting inside a larger halo will experience dynamical friction due to the density of dark matter particles in the host halo, with a rate
where M is the mass of the subhalo, v is its velocity relative to its host, and ρ is the density through which it moves. The proportionality constant depends on the distribution function of the particles, as well as the internal structure of the subhalo. The drag is largest for the most massive subhalos with large M . The effects of dynamical friction are manifest in simulations of nonlinear cosmological structure formation. Dynamically young halos, like massive galaxy clusters, contain copious amounts of massive substructure that comprise significant fractions of the cluster's total mass. For example, it is not uncommon to find massive subhalos within clusters, containing ∼ 1 − 10% of the cluster mass [3] . In contrast, massive substructure is rare in dynamically older halos, like those hosting galaxies similar to the Milky Way. In galactic halos, it is uncommon to find individual subhalos comprising more than > ∼ 3% of the host mass [4] . Dynamical friction is believed to be the origin of this difference: in the older systems, drag from dynamical friction had sufficient time to cause the orbits of massive subhalos to decay to small radii, where mass loss from tidal stripping and disruption becomes most effective [5] . The proportion of substructure in real galaxies and clusters is presumably affected by the same processes that arise in simulations.
Therefore, considerable indirect evidence exists that dynamical friction should operate in actual halos. It is difficult, however, to directly observe dynamical friction in action, since the relevant timescales are cosmological in duration. In this paper, we propose a novel method to directly observe the deceleration produced by dynamical friction acting on massive galaxies within galaxy clusters. The basic idea is that drag from dynamical friction reduces the orbital energy of galaxies within subhalos, which reduces the apocentric radius. Recent work has shown that a steepening feature in the density profiles of halos occurs near the apocenters of material on its first orbit within halos, termed the splashback feature [6] [7] [8] .
In the context of the halo model [9, 10] , this feature may be thought of as the boundary of the 1-halo region. For massive cluster-sized halos, where the 1-halo term is large compared to the 2-halo term, the sharp edge to the 1-halo term produces a steep falloff in the total density profile at the splashback radius r sp , and therefore the location of the steepest slope of the density profile occurs close to r sp . Dynamical friction reduces r sp , and because friction is more effective for more massive subhalos, high-mass satellites should therefore have a smaller splashback radius than low-mass satellites. Figure 1 illustrates this effect, using results from the MDPL2 simulation from the CosmoSim database [11, 12] . The figure shows the density slope d log n/d log r as a function of radius for subhalos of varying M peak , the largest mass attained by each subhalo throughout its history. Halos and subhalos were selected from the Rockstar [13, 14] catalogs publicly available at http://cosmosim.org. The splashback radius for lowmass subhalos is indistinguishable from the splashback radius of dark matter particles, but as M peak increases, the splashback radius steadily decreases. This effect appears to be caused by dynamical friction, rather than selection effects or other physical processes which affect the spatial distribution of substructure. For example, it has long been known that subhalos orbiting at small radii tend to have earlier accretion redshifts than subhalos orbiting at large radii within their hosts [5, [15] [16] [17] . One might therefore imagine that the difference in splashback radii between high-mass and low-mass subhalos might be due to systematic differences in the accretion times for those subhalo samples (caused by resolution effects, for example), but we have checked that the distribution of accretion redshifts as defined in the Rockstar catalog is nearly identical for low-mass and high-mass subhalos. This precludes the difference in r sp from arising from mass-dependent selection effects which can convert the radial dependence of mean accretion redshift into an apparent radial dependence of subhalo mass. Another line of evidence for dynamical friction as the explanation for the trend of r sp with mass is the concentration dependence of the effect. As Fig. 1 shows, the decrease in r sp is stronger for hosts with higher concentration c vir . This is expected for dynamical friction, since increasing c vir raises the central density, which increases the drag rate as seen in Eqn. (1) . The splashback feature therefore offers a direct method to observe the effects of dynamical friction. It is straightforward to estimate how dynamical friction will affect the splashback radius, using the spherical collapse model of Adhikari et al. [7] . We modify their model somewhat, adding an extra term to the equation of motion to account for dynamical friction,
Here, M sub is the mass of the subhalo (we neglect tidal stripping), v r is its radial velocity, M (r) is the host halo mass enclosed within radius r, ρ(r) is the local density at radius r, the phase space factor is taken to be that for a
[2], and η is the unknown proportionality constant from Eqn.
(1). Since we do not have a first principles calculation of η, we treat it as a free parameter that is fit to the simulation data. We find that η ≈ 1.4 provides a reasonable fit for the cluster-sized host masses we have considered. For simplicity, in this toy model we assume radial orbits for subhalos, which is unphysical but reduces the number of dynamical variables. Because radial orbits pass through the host center r = 0 where the NFW profile diverges, we instead approximate the host profile using a cored isothermal profile, with r core = 0.1 × r vir . Figure 1 shows this is a reasonable approximation to the host profile well inside the splashback radius, since at about 0.1 r sp the density profile slope (black dashed line) rapidly transitions from -2 to 0. This simple toy model reasonably reproduces the location of the splashback feature for different subhalo mass bins and for different host accretion rates Γ = d log M vir /d log a, as shown in Fig. 2 . In particular, lowmass subhalos comprising < ∼ 1% of their host halo's mass do not appear to experience significant drag from dynamical friction. However, it might be interesting to construct a more realistic model that more accurately describes the structure of the host halo, since the MDPL2 results suggest that dynamical friction effects on the splashback radius depend significantly on the concentration of the host halo (see Fig. 1 ).
In principle, therefore, measurement of the splashback radius for different galaxy masses could be used to constrain the amount of dynamical friction experienced by those galaxies, which in turn constrains the initial masses (at infall) of the subhalos hosting those galaxies. A comparison of those infall masses to the present-day masses, inferred from galaxy-galaxy lensing of satellites [18, 19] , then reveals the mass loss from tidal stripping suffered by satellites. Such a measurement would not only help inform our understanding of dynamics within galaxy clusters, but would also provide new insights on the halo occupation of satellites, directly testing models like subhalo abundance matching [20] .
More et al. [21] recently observed the splashback feature in SDSS redMaPPer clusters [22, 23] . Building on that work, we conduct a similar measurement to search for signatures of dynamical friction in clusters. We use redMaPPer clusters with richness 10 < λ < 20 in the redshift range 0.15 < z < 0.33, and compute the projected number density n(R) of SDSS galaxies with measured photometric redshifts. In Fig. 3 we plot the logarithmic derivative of the projected number density, d log n/d log R, for galaxies in various bins of absolute magnitude in the i band, M i . To determine the absolute magnitude, we ignore the measured photometric redshift for each galaxy, and instead assume the galaxy is at the redshift of the redMaPPer cluster when converting the observed apparent magnitude to absolute magnitude [21] . We also use the angular diameter distance at the cluster redshift to translate angular separation into projected physical separation. We count galaxies in bins of projected separation R, and then compute the logarithmic slope d log n/d log R using a cubic Savitsky-Golay filter over 11 points, accounting for the covariance of the bins. We have used a lower richness cluster sample than More et al. [21] , since for a given galaxy population, dynamical friction is expected to be stronger for hosts of lower mass.
As Fig. 3 shows, the brightest galaxies with M i < −21.5 have a significantly smaller splashback radius than fainter galaxies. If we assume that r sp is given by the location of the steepest slope of the projected profile (which can somewhat underestimate the value of the 3D splashback radius), we can determine r sp from the SavitskyGolay fit. We find that r sp = 0.42±0.04 h −1 Mpc (proper, not comoving) for the M i < −21.5 sample, while r sp = 0.55 ± 0.04 h −1 Mpc for the −19.43 < M i < −20 sample. The probability that r sp is smaller for the bright sample than the faint sample is P (r −21.5 )P (r −20 )Θ(r −20 − r −21.5 )dr −21.5 dr −20 = 99.3%, giving nearly 3σ confidence that brighter satellites have smaller r sp than fainter satellites in the same clusters. This trend qualitatively agrees with our analytical and numerical predictions. A quantitative comparison with theoretical predictions would require constructing a mock galaxy catalog from simulations and running the redMaPPer algorithm to find clusters and their member galaxies, which is beyond the scope of the present work. However, we can perform a very crude comparison as follows. Simet et al. [24] find that the mean halo mass for richness λ is M 200m = 10
14
14.19 M ⊙ (λ/30) 1.31 , although the scatter about the mean relation appears quite large, ∼ 0.7 dex at λ ≈ 20. Assuming this mean relation of [24] , our sample with 10 < λ < 20 should roughly correspond to halos with M 200m = 3 − 9 × 10 13 h −1 M ⊙ . We have selected halos in this mass range at z = 0.25 (the median redshift of our sample) from the MDPL2 simulation, and in Fig. 3 we plot the logarithmic slope of the projected number density, d log n/d log R, for neighboring halos and subhalos in various bins of M acc , the mass at accretion. (For isolated halos, M acc = M vir .) As the figure shows, subhalos with M acc > ∼ 3 × 10 12 h −1 M ⊙ have splashback radii comparable to our bright galaxy sample with M i < −21.5, significantly smaller than r sp for subhalos with lower M acc . Therefore, we would expect bright redMaPPer galaxies to have infall masses of this order, and a comparison with their present-day lensing masses [18, 19] would be an interesting test of whether dynamical friction in real clusters proceeds similarly to the behavior found in simulations.
Besides probing the subhalo occupation distribution of cluster satellites, observations of dynamical friction can also help constrain more fundamental physics. We have estimated the amount of dynamical friction that occurs within cold dark matter (CDM) cosmologies, in which gravity follows Einstein's general relativity and dark matter consists of collisionless particles. Departures from the CDM model could produce significant deviations in the splashback radius of massive galaxies. For example, some previous works have found that dynamical friction can be significantly strengthened in MOND-like theories without particle dark matter [26] , which may be interesting to explore in more recent variants of modified gravity models [27] . Similarly, certain self-interacting dark matter models can also predict an effective drag of satellites [28] that could be studied using the splashback feature. Given the detection of the splashback feature in SDSS clusters, and improvements from deeper imaging surveys . The blue vertical line shows the predicted location in a model without dynamical friction [7] , which agrees well with the splashback radius rsp for low mass subhalos where dynamical friction is unimportant. The green vertical line shows the predicted position of splashback from the collapse model with dynamical friction where λ = 1.4, evaluated at the mean subhalo mass of the sample with M sub > 0.01M host .
like DES and HSC, splashback may provide a new window onto a variety of physics.
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